responsible for decreased landings. Yield and spawning per recruitment analyses indicate current fishing pressure to be higher than several reference points. We suggest that fishing pressure needs to be reduced by at least 20% of the current level for this fishery to remain sustainable, as the projected stock abundance and catch demonstrate that the current fishing pressure is unsustainable. Analysis of time-series data of recruits per spawning revealed spring-brood recruitment to have been strong in year classes 2003 and 2005. Of various options available for improved management of this fishery, we propose that fishing pressure should be reduced in the years following the appearance of strong year classes to increase future biomasses and landings.
Introduction
Hairtail Trichiurus japonicas is a widely distributed commercially exploited fish species found around Japan and the waters of the Yellow, Bohai, and East China Seas [1] . Several major fishing grounds exist around Japan, including the East China Sea, the western region of the Sea of Japan, and the waters around the Kii and Bungo Channels (Fig. 1) . Though large numbers of hairtail were landed from both the East China Sea and western region of the Sea of Japan [2, 3] in the 1960s, the annual catch in these areas has decreased since the 1970s. However, landings of hairtail from waters around the Bungo Channel have increased from the 1970s, increasing the importance of these fishing grounds (Fig. 2) . Waters within and around the Bungo Channel provide an important hairtail habitat, where most of the life cycle of this Abstract Declines in landings of the hairtail Trichiurus japonicas indicate the need for more effective management of this species. Hairtail spawning peaks occur twice yearly in the Bungo Channel, in spring and autumn. Relationships between hairtail stock and brood seasonality were examined to determine if an association between either and a decline in landings existed. Stock assessments show that the biomass of both spring and autumn hairtail broods from within and around the Bungo Channel are decreasing, with a rapid reduction in spring-brood stock abundance after 2007 largely Fisheries species occurs [2, 4] . The area is considered to be a single unit for fisheries resource management. Hairtail landings from the adjacent mid-western part of the Seto Inland Sea and Hyuga-nada are less than those around the Bungo Channel, with tagging experiments suggesting emigration from the Bungo Channel to be limited [2] .
Spawning around the Bungo Channel is thought to occur from March to December, with peaks in May-June and September-October [4] . The spring brood comprises individuals spawned during the first peak (May-June), and the autumn brood those spawned during the second peak (September-October). In both broods the annual otolith ring forms from June to August, and thus the radius of the first annual ring in the spring brood is greater than that of the autumn brood. Consequently, spawning season can be determined for each fish, even for older individuals, based on the first otolith ring radius [4, 5] . This characteristic has also been observed in hairtail from other areas [1, 6, 7] . Because of decreased winter growth, an age-length relationship using an extended von Bertalanffy growth model that takes seasonal growth variation into consideration using a periodic function is more suitable than a traditional von Bertalanffy growth model [4, 5] . At a pre-anal length of 250 mm, 50% of the females were mature [4] , which corresponds to 1 year after hatching for both broods.
Around the Bungo Channel, hairtail is caught in trolling and net fisheries, the latter including purse seine and trawl fisheries. The quality of fish caught by trolling is greater than that caught by net, which is reflected in the market price, being higher for the former. The large quantities of hairtail caught using nets are processed mainly into fish paste. Though hairtail is one of the most important catchable resources in this area for both fisheries and the processing industry, landings of it have decreased since the late 1990s (Fig. 2) . Preliminary stock assessments suggest it will be difficult to maintain the current biomass with current fishing pressure [8] .
Historical catch data reveal that the hairtail population increases and decreases every few years. Although the catch has tended to decrease from 2007 ( Fig. 2) , the reason for this is not clear. Hairtail stock in the Bungo Channel comprises two different spawning broods, with changes in abundance resulting from changes in the proportions of these two seasonal brood groups [5] . However, previous Japanese hairtail stock assessment studies have not taken these seasonal broods into consideration [3, 8, 9] . We analyzed the stock structure by considering seasonal broods in this study, and identify likely reasons for recent decreases in the catch from this area. We endeavor to describe biological reference points based on yield per recruitment (YPR) and spawning biomass per recruitment (SPR) analysis, and discuss ways for more sustainable management of this fishery.
Materials and methods
We use virtual population analysis (VPA) to estimate hairtail abundance [10] . Generally, VPAs are conducted using Catch in weight (1,000 ton) Among these, N b,a,y,p of 5-year-old fish of all y and p, and in September-December (p = 3) 2011, was estimated as follows:
The natural mortality coefficient, M, was estimated from longevity (M = 2.5/longevity) [12] . Longevity was assumed to be 5 years, the known maximum age of hairtail. The fishing mortality coefficient of b, a, p, in year y, F b,a,y,p , was estimated as follows:
Among these, F b,a,y,p of September-December 2011 was estimated as follows:
where F b, 4, 2011, 3 is assumed to be equal to F b, 5, 2011, 3 , the same as in Eq. (5). Stock biomass was calculated by multiplying N b,a,y,p and the average body weight of b, a, p, W b,a,p , estimated from the relationship between age and pre-anal length, and between pre-anal length and body weight (Table 1) [5] . A retrospective analysis was conducted to detect systematic trends in abundance estimates of the latest year [13] . For sensitivity check, uncertainty derived from Eq. (6) was evaluated by using a different value of G (G = 4 and 6).
Spawning stock biomass and recruit per spawning
Spawning stock biomass at both spawning peaks, May (p = 2) and September (p = 3), was estimated by summing the spawning stock biomass of spring and autumn broods, as follows:
catch-at-age data according to year, but in the case of hairtail, there are two spawning peaks (spring and autumn). To consider spawning peaks separately, catch-at-age data were separately estimated for both broods. VPAs were constructed for 4-month intervals (January-April, May-August, and September-December).
Catch-at-age
Hairtail are caught by both trolling and net fisheries, with catches divided into two size classes: I (> 200 g) and II (< 200 g). Trolling catches only class I fish, which are further divided into five size sub-classes (king, large, medium, small, and mini). Net fisheries catch both class I and II fish. For trolling-caught fish, monthly catch weight data by size sub-category were collected from Kunisaki, Usuki, Himeshima, and Misaki, from 2003 to 2011. For net-caught fish, monthly catch weight data for classes I and II were collected from Yawatahama over the same period.
A total of 3,088 hairtail individuals were collected from 2006 to 2011. Body weight was measured to the nearest 0.1 g, age was estimated from the number of otolith rings, and spawning season was estimated from the first annual ring radius in accordance with Yanagawa [4] and Watari et al. [5] . These data were used to convert size sub-class composition to age composition.
Catch-at-age of fish caught by trolling was estimated using monthly catch weight data (grouped by sub-size), fisheries statistics, and the age-weight relationship described by Kurosaka et al. [11] . For net-caught fish, class I age composition was assumed to be the same as that of troll-caught class I fish. Age composition of class II fish was estimated from total landing data and average weight of fish landed in Yawatahama (160 g). Total catch-at-age was estimated by adding catch-at-age from both trolling and net fisheries.
Stock biomass
The number of fish of brood b [spring brood (1), autumn brood (2)]; age a (0,…,5, spring brood; 1,…,5, autumn brood); period p (1, January-April; 2, May-August; 3, September-December), in year y (2003,…,2011) , N b,a,y,p , was estimated using the following equations: [14] , the F 0.1 [15] and a fishing mortality coefficient that produced the maximum YPR (F max ) were calculated and compared with the current fishing mortality coefficient (F current ). F current was defined as a mean value of all F b,a,2011,p .
Because recent hairtail landings have decreased, future abundance and catch trends for 20 years were estimated under reduced fishing pressure scenarios. The recruitment of both spring and autumn broods was estimated using the following equations:
where RPS spring and RPS autumn are average values of RPS for both season. Other N b,a,y,p were estimated using the following equations:
where m b,a,p is the maturity rate of female estimated from the relationship between age and pre-anal length, and between pre-anal length and maturity rate (Table 1) [4, 5] . Recruit per spawning (RPS) of year y for spring and autumn spawning seasons was estimated as follows:
Stock status and management scenarios
Current fishing status was evaluated by using YPR and SPR analyses. YPR and SPR were estimated by summing the age of fish from first capture to 5 years for both broods using the following equations: where α is the rate of reduction in fishing pressure compared with current levels. Four different reduced fishing pressure scenarios were considered: reduction of fishing pressure throughout the year (YE), a halving of fishing pressure for 2 months during the spring spawning season (SP), a halving of fishing pressure for 2 months during autumn spawning season (AU), and a halving of fishing pressure in the year following the appearance of a strong year class (ST). Reduction rate (α) was set at 0, 0.1, 0.2, and 0.3 in YE, 0.25 in SP and AU, and 0.5 in ST, as a large reduction in fishing pressure might be an acceptable short-term measure. The effect of each reduced fishing pressure scenario was evaluated individually and in combination, i.e., SP and YE; AU and YE; ST and YE. For future recruitment, we forecast strong year classes would occur in the 5th and 10th years. For estimation of future spring-brood recruitment, mean RPS values were calculated for years in which year class appearance was strong, and for normal years. Rates of change in
average catch and biomass after 20 years [catch(20 year)/ catch(0 year), and biomass(20 year)/biomass(0 year)] were evaluated. The SEs of these values were calculated by a bootstrap method, resampling RPS values 1000 times.
Results

Catch-at-age
Catch-at-age showed a decreasing trend especially for the spring brood following 2007. Age at first capture for spring and autumn brood individuals was 0 year in September-December and 1 year in January-April, respectively. Fishing pressure on fish of ages 1 and 2 years is greater than it is on fish of ages 3-5 years (Appendix 1).
Stock biomass
Both spring and autumn brood stock abundance trended down ( There was no clear relationship between spawning stock biomass and recruitment in either spawning season (Fig. 5 ). Even at the same age, the maturity rate in the September-December period (p = 3) was higher than in the May-August period (p = 2) ( Table 1 ). There is a tendency for the autumn spawning stock biomass to be greater than that of the spring ( (Fig. 6 ). Strong recruitment occurred with a spawning stock biomass of 3,657-5,144 t (average 4,400 t), corresponding to a stock biomass of 5,672-6,823 t (average 6,247 t). Autumn spawning season RPS values varied between years but remained around Recruitment number (1,000,000 ind.)
Spawning stock biomass (1,000 ton) a certain level (Fig. 6) , similar to the trend observed for recruitment. Figure 8 depicts projected stock abundance for various simulations, where the current level of fishing pressure will lead to decreases in both biomass and catch. In the event of a strong year class (strong recruitment), biomass and catch will subsequently increase, but if the rate of reduction in fishing pressure is low, any such benefit will disappear after 1 or 2 years (Fig. 8) . If current fishing pressure is reduced by 20%, stock levels in 20 years will remain comparable to those today. Of reduction methods of fishing pressure that take reproductive characteristics into consideration, AU is most effective; the effect of both ST and SP is similar for projected stock biomass and catch. The YE + AU combination increases average catch 1.2 or more times over 20 years than YE alone. ST and SP have the same effect as AU (Table 2 ). For estimation of future stock abundance, RPS values of 5.40, 2.14, and 2.23 were used for the 5th and 10th years of the spring spawning season (strong year class appearance), spring spawning season in a normal year, and autumn spawning season, respectively (Table 3 ). In the bootstrap method, the RPS values of normal years, and those in which strong year classes were apparent, were selected randomly from observed values for each brood in each year (Table 3) .
Stock status and management scenario
Discussion
In Eq. (6) for the VPA we assumed the fishing mortality coefficient in the latest years to be the average of previous fishing mortality coefficient values. As there have been no substantial changes in the hairtail fishery, such as in fishing effort or method, the assumption of Eq. (6) is considered to be satisfied. In addition, the sensitivities of G in Eq. (6) revealed the effect of different G to be minor. Retrospective analysis also revealed no trend (either increasing or decreasing) in the capability of prediction for the latest year. Accordingly, we believe stock abundance in this area to be accurately estimated. To estimate future recruitment, Eqs. (14) and (15) included only RPS and spawning stock biomass values; we did not include limitation of recruitment as a function of spawning stock biomass level, as used in Beverton and Holt [16] and hockey stick [17] models. At most, the predicted biomass after 20 years was about 12,000 t. In 1983, the catch reached more than 10,000 t. The biomass is not predicted to reach a level where the limitation of recruitment by spawning stock biomass level should be considered. Stock assessment by seasonal brood analysis showed a clear decreasing trend in the spring brood (Fig. 3) . RPS values for the spring brood were higher in 2003 and 2005 than they were in other years, though autumn brood RPS values were relatively stable. The high recruitment potential of the spring brood in 2003 and 2005 indicated that these were strong year classes. Differences in RPS over time for spring and autumn broods contributed to fluctuations in both stocks. The recent decrease in hairtail landings is largely a consequence of low-level spring-brood recruitment. Juvenile hairtail prey include copepods, mysids, and juvenile fish, such as the Japanese anchovy Engraulis japonicus [18, 19] . The relationship between the spring-brood spawning peak and prey abundance might contribute to strong year classes. Although the mechanism is not clear, ecosystem models, such as individual based model [20] , that take prey-predator dynamics into consideration (e.g., models that consider relationships between nutrients, phytoplankton, copepods, anchovy, and hairtail) may be useful for a better understanding of recruitment dynamics.
The main catchable hairtail population was 1 and 2 years of age. Therefore, in the event of a strong year class, larger catches should occur in successive years, as observed in 2003 and 2005 (Fig. 3) . Future catch predictions reveal that an increase of recruitment in strong year classes contributes to greater catches in subsequent years (Fig. 8) , as occurred several times up to 2007, though the lack of a strong year class after 2007 has resulted in a decrease in recent catches. In the event that similar processes affected historic populations, then recruitment conditions from 1993 to 1995 were better than in other years. The fact that landings have decreased over time suggests that fishing pressure has been constantly high.
YPR and SPR analyses reveal current fishing pressure to be higher than F max , F 0.1 and F 30%SPR reference points, and that the fishing pressure needs to be reduced by at least 20% of current levels for the fishery to remain sustainable. Predicted stocks in each management scenario indicate reduced fishing pressure will lead to rapid increases in future stock abundance ( Fig. 8; Table 2 ). Moreover, reduced fishing pressure in each spawning season, and years after the appearance of strong year classes, are additional, effective management strategies that will contribute to enhancing future stock abundance. For hairtail, strong year classes can be detected during research sampling based on the incidence of juvenile fish during winter (Tokumitsu, unpublished data) . Although a strong year class occurs only intermittently, reducing fishing pressure when one does occur would facilitate stock recovery. Such management strategies have been applied to Japanese chub mackerel [21] .
The effects of four types of management, YR, SP, AU, and ST, and their combination were evaluated in this study. As shown in Fig. 8 , ST decreases the catch amount in the year after a strong year class occurrence. When importance is attached to the stability of the yearly catch, a combination of these types of management that result in the least fluctuation in catch, i.e., YE, SP, AU, might be best. Though we cannot be certain when strong year classes will occur, when they do they have the potential to contribute to stock recovery and increased annual landing. Therefore, it is important to manage them, and to use their occurrence in spring broods to improve fishery management, rather than to exploit them without limitation. Although it is difficult to obtain consensus among different types of fisheries working in different areas, early implementation of management strategies like this will ultimately contribute to more rapid recovery and sustainable exploitation of fisheries resources. Using the stock structure and resource management results of this study, we elsewhere discuss the development of effective fishing gear [22] and a transdisciplinary approach to coastal fisheries co-management [23] for improved resource management.
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See Table 4 . Fishing mortality coefficient (trolling line fisheries) 
